Objective: Human papillomavirus (HPV) 16 is the most carcinogenic HPV genotype. We investigated if HPV16 L1 capsid protein and E2/E6 ratio, evaluated by cervical cytology, may be used as biomarkers of ≥cervical intraepithelial neoplasia (CIN) 2 lesions. Methods: Cervical specimens were obtained from 226 patients with HPV16 single infection. Using cytology specimen, L1 capsid protein and E2/E6 ratio were detected and the results were compared with those of the conventional histologic analysis of cervical tissues (CIN1-3 and squamous cell carcinoma [SCC]) to evaluate the association. Results: The L1 positivity of CIN2/3 was significantly lower than that of normal cervical tissue (p<0.001) and SCC demonstrated significantly lower L1 positivity than CIN1 (p<0.001). The mean E2/E6 ratios of specimens graded as SCC (0.356) and CIN2/3 (0.483) were significantly lower than those of specimens graded as CIN1 (0.786) and normal (0.793) (p<0.05). We observed that area under the receiver operating characteristic curve (AUC) for E2/E6 ratio (0.844; 95% confidence interval [CI]=0.793-0.895) was higher than that for L1 immunochemistry (0.636; 95% CI=0.562-0.711). A combination of E2/E6 ratio and L1 immunocytochemistry analyses showed the highest AUC (0.871; 95% CI=0.826-0.917) for the prediction of ≥CIN2 lesions. Conclusion: To our knowledge, this is the first study to validate HPV L1 capsid protein expression and decreased HPV E2/E6 ratio as valuable predictive markers of ≥CIN2 cervical lesions. Cervical cytology may be analyzed longitudinally on an outpatient basis with noninvasive procedures as against invasive conventional histologic analysis.
INTRODUCTION
It is known that 99.7% of cervical cancer cases are attributed to the infection with human papillomavirus (HPV) [1] . HPV16 is the most carcinogenic HPV genotype and HPV integration into the host genome is regarded as one of the most important steps for cervical intraepithelial neoplasia (CIN) and cervical cancer [2] . While the low-grade disease, CIN1, shows spontaneous regression, CIN2 and CIN3 have substantial potency to progress into cancer [3] . Therefore, the use of biomarkers is crucial to distinguish cervical lesions based on their progression/regression ability. The results of p16 and Ki-67 immunohistochemistry were recently used to predict high-grade CIN. However, these analyses require biopsy of cervical tissues [4, 5] . Invasive procedures such as biopsy may cause discomfort, pain, and even bleeding from biopsy site. In this direction, we have established a less invasive and more convenient method using cervical cytology for the prediction of high-grade CIN.
Disruption of E2 gene and overexpression of E6 or E7 during HPV integration into the host genome have been utilized as surrogate markers to discriminate CIN1 from CIN2, CIN3, and carcinoma [6, 7] . We have recently reported that the absence of HPV L1 immunocytochemistry in HPV16-positive atypical squamous cells of undetermined significance (ASCUS) and lowgrade squamous intraepithelial lesion (LSIL) is significantly related with higher-grade CIN [8, 9] . Furthermore, the absence of the HPV L1 protein is suggestive of HPV integration into the host genome and is associated with disease progression [10, 11] .
Here, we investigate whether the detection of HPV16 L1 capsid protein and measurement of E2/E6 ratio are predictive of CIN2/3 and cancer and if analyses of cervical cytological specimen noninvasively collected yield sufficiently conclusive results.
MATERIALS AND METHODS

Patients and study design
We analyzed 226 cervical specimens tested positive for HPV16 single infection. The specimens were collected from Seoul St. Mary's Hospital, The Catholic University of Korea (Seoul, Korea) from January 2010 to August 2017. This study was approved by the Institutional Review Board (IRB) of The Catholic University of Korea College of Medicine (IRB number: KC13SISI0901). Cervical cytology was performed from the endocervix and exocervix, and specimens were assigned to standard categories (i.e., ASCUS, LSIL, high-grade squamous intraepithelial lesion [HSIL] , and squamous cell carcinoma [SCC] ). HPV types were determined by a DNA genotyping polymerase chain reaction (PCR)-based DNA microarray system (Mygene, Seoul, Korea) that enabled detection of 16 types of high-risk HPV (16, 18, 31, 33, 35, 39, 45 , 51, 52, 53, 54, 56, 58, 59, 66, and 68) and eight types of low-risk HPV (6, 11, 34, 40, 42, 43, 44, and 70) . Cervical tissues were collected after loop electrosurgical excision procedure (LEEP) or hysterectomy and categorized into four groups such as normal, CIN1, CIN2/3, and SCC.
Immunocytochemistry
ThinPrep slides (Hologic, Bedford, MA, USA) were immunochemically stained as part of a Cytoactiv ® HPV L1 screening set (Cytoimmun Diagnostics, Pirmasens, Germany) to detect L1 capsid protein of all known HPV types, as previously described [8, 9] . Staining was performed according to the manufacturer's protocol. Briefly, slides were unmounted without prior destaining and sections were microwaved to achieve antigen unmasking. Cytoactiv ® HPV L1 capsid antibody was applied and slides were incubated for 30 minutes at 20°C. Following incubation, slides were treated with the detection reagents for 10 minutes and 3-amino-9-ethylcarbazole chromogen for 5 minutes. After counterstaining with hematoxylin, slides were mounted with Aquatex (Merck, Darmstadt, Germany) and a cover slip. Slides with a distinct nuclear staining for at least one epithelial cell were scored as positive. The slides were reviewed by 2 pathologists for final diagnosis.
DNA extraction from cervical cells and analysis of HPV16 E2/E6
For the HPV DNA extraction, the remaining cervical cells were pelleted by centrifugation and resuspended in digestion solution (10 mmol/L Tris, 1 mmol/L ethylenediaminetetraacetic acid, 200 μg/mL proteinase K) for 3 hours at 56°C. It was incubated for 10 minutes at 95°C to inactivate proteinase K. Real-time quantitative PCR was carried out with modifications in the previously described protocol to determine E2/E6 ratio of HPV16 DNA (GenBank Accession number: K02718) [6] . E2 and E6 sequences were amplified by PCR. E2 PCR was performed with primer pairs 5′-TGT GTT TAG CAG CAA CGA AG-3′ (3349-3368) and 5′-GCT GGA TAG TCG TCT GTG TT-3′ (3454-3473), while E6 PCR was performed with primer pairs 5′-CGA CCC AGA AAG TTA CCA-3′ (125-142) and 5′-AGC AAA GTC ATA TAC CTC ACG-3 (220-241). β-globin was used as an experimental control for sample quality and adequacy during PCR. β-globin PCR was with primer pairs 5′-ACA CAA CTG TGT TCA CTA GC and 5′-CAA CTT CAT CCA CGT TCA CC. Based on the PCR results, E2/E6 ratios of cervical cells were calculated to investigate HPV integration status. E2/E6 ratio of 1 was regarded as "episome state," whereas that ranging from >0 to <1 indicated "mixed state"; a ratio of 0 was considered as "fully integrated state." The "episomal state" represents that HPV is not integrated into the host genome and characterized by an identical amount of E2 and E6. In contrast, "fully integrated state" induces loss of E2 and shows E2/E6 ratio as nearly 0 [6] .
Statistical analysis
Statistical analyses were carried out with SAS software package (version 8.0; SAS Institute Inc., Cary, NC, USA). Analysis of variance (ANOVA) was applied for the analysis of the differences of means among 4 groups. Tukey's test was used to compare characteristics of multiple subgroups during post hoc analysis. To evaluate linear association between severity of cervical pathology and physical status of HPV integration, linear by linear analysis was performed. Diagnostic accuracy of HPV L1 immunocytochemistry and E2/E6 ratio for ≥CIN2 lesions was expressed as the area under the receiver operating characteristic (ROC) curve (AUC). The p values <0.05 were considered statistically significant.
RESULTS
The percentage of adequately matching cytology and tissue pathology
Analysis of the 226 cervical tissue samples with HPV16 single infection indicated that 57 (25.2%) were normal, 42 (18.6%) were classified as CIN1, 69 (35.0%) were categorized as CIN2/3, and 48 (21.2%) had evidence of SCC. Clinicopathologic features of the study population are summarized in Table 1 . The indications of hysterectomy for 21 patients with normal cytology were abnormal uterine bleeding or uncontrolled dysmenorrhea related with uterine fibroids. The percentage of adequately matching cytology and tissue pathology varied from 18.9% to 100.0% (i.e., normal cytology to normal pathology, ASCUS/LSIL to CIN1, HSIL to CIN2/3, and SCC to SCC). The accordance rates of ASCUS and LSIL (18.9% and 45.5%, respectively) were lower than those of HSIL and SCC (75.5% and 89.2%, respectively). 
Immunocytochemistry of HPV L1 protein
The physical status of HPV integration in cytological samples
The analysis of the physical status of HPV integration in 226 samples revealed that the proportion of episome, mixed, and fully integrated state was 17.7%, 77.9%, and 4.4%, respectively (Fig. 2) Biomarkers for HPV16-positive ≥CIN2 pathology but undetected in SCC, whereas the fully integrated form of HPV was noted in 18.8% (9 of 48) of SCC but undetected in normal pathology and CIN1. The categories of the physical status of HPV exhibited a significant linear association with the degrees of cervical pathology (linear by linear association analysis, p<0.01).
Characteristics of E2/E6 ratios by cervical lesions
We observed a significant difference in means of E2/E6 ratios in four groups (p<0.001, ANOVA test) (Fig. 3) . No significant difference was observed between normal pathology and CIN1 in terms of means of E2/E6 ratio (p=0.999). In particular, E2/E6 ratios of CIN2/3-graded (mean, 0.483) and SCC-graded (mean, 0.356) specimens were significantly lower than those of specimens determined to be normal (mean, 0.793) or graded as CIN1 (mean, 0.786) (p<0.05). Furthermore, E2/E6 ratios of CIN2/3 and SCC specimens were significantly different (p<0.05). 
Prediction of E2/E6 ratio and L1 immunocytochemistry for ≥CIN2 lesions
To predict ≥CIN2 lesions, ROC analyses of E2/E6 ratios and presence of HPV L1 were performed; immunocytochemistry and HPV integration tests were evaluated individually and in combination (Fig. 4) . We observed that AUC for E2/E6 ratio (0.844; 95% CI=0.793-0.895) was higher than that for L1 immunocytochemistry (0.636; 95% CI=0.562-0.711) (Fig. 4A) . A combination of E2/E6 ratio and L1 immunocytochemistry analyses showed the highest AUC (0.871; 95% CI=0.826-0.917) for the prediction of ≥CIN2 lesions (Fig. 4B) . The sensitivity of HPV E2/E6 ratio for women with ≥CIN2 cervical lesions was 69.3% and specificity was 84.8%. The sensitivity and specificity of combination of HPV E2/E6 ratio and HPV L1 immunocytochemistry in the differential diagnosis of ≥CIN2 cervical lesions was 99.2% and 31.3%, respectively (Supplementary Table 1) .
DISCUSSION
This study demonstrated that cervical cytology samples negative for HPV L1 immunocytochemistry in combination with a decreased E2/E6 ratio showed significant association with CIN2/3 and cancer. Hence, our results may provide information of CIN2/3 and cancer with less invasive methods.
Cervical cytology has been routinely practiced as a screening tool for the detection of abnormal cervical lesion [12] . However, results of cervical cytology may not always match with those of cervical tissue analyses [13] . For instance, patients with low-grade cervical cytology may exhibit unexpectedly higher grade CIN. In ASCUS-LSIL Triage Study (ALTS) trial, 15% LSIL and 9% ASCUS showed higher grade CIN [14] . In this study, 25.8% LSIL showed ≥CIN2 cervical lesions and this was higher than that reported in the ALTS trial. Higher progression for ≥CIN2 among LSIL may be explained by the effect of specific HPV genotypes such as HPV16 during infection. Moreover, of all high-risk HPV types, HPV16 showed the strongest oncogenic capacity for development of cervical cancer. In concordance with our results, Khan et al. [15] reported that HPV type 16 was significantly associated with a higher incidence of CIN3 in LSIL. Various biomarkers were developed to reduce the discrepancy between cervical cytology and pathology and identify patients at the risk of developing higher grade pathology ( Table 2 ) [6, [8] [9] [10] [16] [17] [18] [19] [20] [21] [22] .
The shell of HPV particle comprises 2 coated proteins (L1 and L2) that are crucial in mediating efficient viral infectivity. L1 capsid protein constitutes the primary structural element of infectious virions; 360 copies of L1 are organized into 72 capsomeres [23] . L1 represents approximately 90% of the total protein on the viral surface and is typically detectable during productive life cycle. Of all HPV proteins, L1 is most frequently targeted by the humoral immune response [10, 24] and detected by neutralizing antibodies produced by HPV preventive vaccine [25] . The production of HPV L1 protein is halted after the integration of HPV into the host's genome, owing to the loss of HPV L1 gene in the infected cell [24] . It is interesting that HPV L1 capsid protein is predominantly detected in mild cervical dysplasia and rarely found in severe cervical dysplasia; L1 is undetectable in cervical carcinoma [9, 10] . These results support the hypothesis that HPV L1 negativity is associated with immunologic evasion in high-grade cervical lesions and that L1 positivity may be an indicator of defense status in HPV infections [9, 11] .
We determined that 78.5% of specimens graded as CIN2/3 and 97.9% of SCC were negative for L1 protein (Fig. 1B) . The expression rate of L1 immunocytochemistry was apparently lower in CIN2/3 and SCC than normal pathology and CIN1. Our results were consistent with those of the previous HPV L1 immunohistochemistry studies that showed an association between HPV-L1 negativity and high-grade CIN [18, 19] . In the present study, HPV L1 immunostaining could effectively differentiate CIN2/3 from the normal tissue and SCC from CIN1; however, it failed to clearly discriminate CIN2/3 from CIN1. Immunocytochemistry alone was considered insufficient to predict ≥CIN2 cervical lesions. Therefore, an alternative adjuvant method was necessary to enhance the differentiation accuracy of CIN2/3 from CIN1.
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Biomarkers for HPV16-positive ≥CIN2 [26, 27] . In benign HPV lesions and low-grade cervical lesions, viral sequences appear to be present only as episomes [24] . In contrast, viral DNA is integrated into the host genome in virtually all cases of cervical carcinoma [28] . The integration of HPV DNA into that of the host cell usually results in the disruption of E2 open reading frame (ORF) of HPV, which is important in the regulation of viral transcription. In addition, methylation of E2 was suggested to be related with the dysfunction of E2 and HPV integration into the host genome [29] . The elimination of E2 expression leads to augmented transcription of E6 and E7 oncogenes and is thought to confer a selective growth advantage to the infected cell. E6 and E7 interfere with the normal cell cycle by targeting p53 and pRb tumor suppressors, respectively [30] . Consistent expression of E6 and E7 is required for the progression of CIN and cervical cancer [31] .
The physical status of HPV integration was reported to be different as per the severity of the cervical disease; episomal state was more frequently found in CIN, whereas full integration of HPV occurred more frequently in SCC [32] . However, there exists discrepancy in the degrees of the physical status of HPV integration in CIN [33] . Although the mixed form of HPV integration was most commonly observed in all groups in our study, increased prevalence of full integration was observed in CIN2/3 and SCC. In addition, a significant linear association was observed between the physical status of HPV and severity of cervical disease. Therefore, our findings support the association between full integration and carcinogenesis to SCC.
Human papillomavirus integration has been determined with the aid of RNA in situ hybridization (ISH), DNA ISH, Southern blotting, and quantitative real-time PCR [33] . In the present study, the physical status of HPV integration was detected with real-time PCR. This technique could efficiently interpret the status of HPV integration irrespective of the transcriptional activity, which may be variable in LSIL and HSIL [33] . PCR analysis showed that E1/E6 or E2/E6 ratio of HPV16 was significantly distinct according to the severity of cervical lesions and is regarded as a surrogate marker for HPV integration in cervical tissues; full integration is thought to be related to the progression of cervical cancer [34] . We determined that E2/E6 ratio is predictive of ≥CIN2 lesions and allows discrimination of cancer from premalignancy (Fig. 3) . We also found that E2/E6 ratio is similar for specimens graded as normal and CIN1. Thus, the measurement of E2/E6 ratio, which reflects the integration status of HPV16 in cervical lesions, may be valuable for discriminating normal and low-grade (CIN1) lesions from high-grade (≥CIN2) lesions. In contrast to our data, Boulet et al. [35] suggested that HPV viral marker, HPV viral load or E2/E6 ratio, alone was insufficient to exhibit good diagnostic accuracy for ≥CIN2 lesions (ROC of E2/E6 ratio, 0.58). We agree with this opinion because E2/ E6 ratio of HPV integration acts as the marker only for the early phase of carcinogenesis of cervical cancer. Hence, an additional marker may be necessary for the evaluation of later stages of HPV integration. Herein, we combined immunocytochemistry of HPV L1 capsid protein and E2/E6 ratio using cervical cytology sample.
To the best of our knowledge, this is the first study to validate the utility of the combination of cervical cytology and viral marker of HPV integration. We utilized HPV L1 protein expression and integration method such as E2/E6 ratio for the diagnosis of ≥CIN2 cervical lesions (Fig. 4) . The accuracy of the identification of ≥CIN2 cervical lesions was increased in the combined analysis versus measurement of E2/E6 ratio or L1 immunocytochemistry alone (AUC=0.871, 0.844, and 0.636, respectively).
As a result of the steady efforts to develop cervical markers [5, 16, 18, 19] , recommendation at Lower Anogenital Squamous Terminology (LAST) project in 2012 suggested that p16 immunostaining positivity may specifically diagnose CIN2 as high-grade squamous intraepithelial lesions [16] . In addition, immunohistochemical positivity of p16 may predict higher risk for progression in low-grade lesions. An increase in Ki-67 expression was found in CIN, suggestive of its potential as the proliferation maker for the discrimination between LSIL and normal tissue. However, the indirect correlation between the combined markers has a limitation to explain the progression or regression phenotype of cervical diseases. To overcome this limitation, we utilized negativity in HPV L1 immunocytochemistry, which is considered to be the direct consequence of HPV integration into the host genome.
This study has two key findings. First, we examined the association of L1 expression and HPV integration status (E2/E6 ratio) with grades of cervical lesions using noninvasive cervical cytology. Our results may provide the opportunity for the early diagnosis of ≥CIN2 cervical lesions at the stage of cervical cytology. Second, we attempted, for the first time, to evaluate the feasibility of a combined analysis of L1 detection and E2/E6 measurement as a predictive combined biomarker of ≥CIN2. Our findings indicate that cervical cytology was suitable for analyses of HPV L1 protein and E2/E6 ratio and that the combined analysis serves as a better platform for the prediction of cervical lesions as compared with the individual analysis.
In conclusion, our results indicate that the lack of HPV L1 expression and decreased E2/E6 ratio in HPV DNA are strongly associated with a higher grade of cervical disease. We advocate cervical cytology from noninvasive procedures and combined measurement of E2/E6 ratio and HPV L1 immunocytochemistry as a suitable means to predict ≥CIN2 cervical lesions. Our findings may provide a useful basis for the accurate cytological diagnosis of cervical premalignancy and cancer in the future translational research.
